Adventitious rooting is an essential step in vegetative propagation. Currently, the mechanism that regulates adventitious root (AR) development in woody plants is poorly understood. This work demonstrates that Populus tomentosa WUSCHEL-related homeobox 5a (PtoWOX5a) transcription factor is involved in AR development in poplar. PtoWOX5a was specifically expressed in the AR tip and lateral root tip during AR and lateral root regeneration from the stem segment. Phenotypic complementation experiments indicated that the PtoWOX5a can functionally complement AtWOX5 in quiescent center (QC) cells. Overexpression of PtoWOX5a introduces significant developmental phenotypes in roots and leaves, such as increased AR number, decreased AR length, swollen AR tip and lateral root tip, and decreased leaf number and area. The conserved mechanism of D-type cyclins (CYCD) repression mediated by WOX5 was confirmed in poplar. The co-expression network of PtWOX5a was constructed, which provided clues to reveal the molecular mechanism of PtoWOX5a in AR development in poplar. Taken together, our results suggest that the PtoWOX5a is involved in AR development though cooperating with a series of functional genes.
Introduction
Vegetative propagation is extensively used by growers to produce large quantities of elite plants obtained from natural populations and breeding programs in agriculture, horticulture and forestry (Legué et al. 2014) . During vegetative propagation, an essential and sometimes rate-limiting step is to establish a viable system by promoting initiation and development of adventitious roots (ARs) (Bellini et al. 2014) . Therefore, a better understanding of the molecular mechanisms of adventitious rooting will be helpful to increase the success rate of vegetative propagation.
Whereas the primary root is initiated during embryogenesis, the AR develops from the stem-, hypocotyl-or leaf-derived cells (Geiss et al. 2009 ). Adventitious root development is controlled by many endogenous and exogenous factors including hormones (especially auxin), temperature and plant age (Bellini et al. 2014) . Many genes that play important roles during AR development have been identified in herbs. In the auxindependent pathway, PIN-FORMED1 (PIN1) and PIN2 regulate polar auxin transport to control AR formation in hypocotyls of Arabidopsis explants (Geiss et al. 2009 ), and AR emergence and elongation are inhibited by RNA interference of OsPIN1 in rice (Xu et al. 2005) . Another key gene involved in auxin signal transduction is AUXIN RESPONSE FACTOR 17 (ARF17), which is a target of microRNA 160, and negatively regulates AR development ). In the auxin-dependent pathway, NAC1 can promote the emergence of ARs in Arabidopsis leaf explants † These authors contributed equally to this work. . During this process, KDEL-TAILED CYS ENDOPEPTIDASE1 (CEP1) and CEP2 are activated by NAC1 to further degrade extensin proteins that promote wound healing and might be a barrier to AR development .
Recently, several members of the WUSCHEL-related homeobox (WOX) family, including WOX11, WOX12, WOX5 and WOX7, have been reported to be activated by auxin and involved in AR formation in Arabidopsis. During de novo AR regeneration from leaf explants, the expression of WOX11 and WOX12 (WOX11/12) is activated by wound-induced auxin concentrations to initiate transformation of competent cells to root founder cells ). Subsequently, WOX5 and WOX7 (WOX5/ 7) is triggered by WOX11/12 to control the transformation from root founder cells to the root primordium. The latter then begins to form AR apical meristem (Hu and Xu 2016) . In addition, WOX5 is also a central regulator of stem cell maintenance in primary root apical meristem (RAM) in Arabidopsis ( Van den Berg et al. 1997) . It is specifically expressed in quiescent center (QC) cells, and an abnormally shaped and enlarged QC is generated in atwox5 knockout mutants (Van den Berg et al. 1997 , Sarkar et al. 2007 ). The module of CLAVATA3/EMBRYO SURROUNDING REGION 40 (CLE40)-WOX5 is well characterized to regulate WOX5 expression and promote root stem cell differentiation (Richards et al. 2015) . Moreover, WOX5 can maintain the balance of stem cells through transcriptional regulation of CYCD3;3, which belongs to D-type cyclin and encodes conserved regulatory sub-units of cyclin D-cyclin-dependent kinase complexes involving in cell division and differentiation (Forzani et al. 2014 , Pi et al. 2015 . The mechanism of WOX genes (WOX5/7 and WOX11/12) that regulates de novo AR organogenesis is gradually becoming clear in herbaceous organisms, while the roles of WOXs in the RAM in woody plants remains elusive.
Forest ecosystems cover~42 million km 2 worldwide, accounting for~30% of the land surface, and providing great economic and ecological value (DeFries et al. 2005 , Bonan 2008 ). As a model woody species, Populus is a typical example of one whose vegetative propagation mainly depends on ARs from stem cuttings. In recent years, several genes associated with adventitious rooting have been identified in Populus, such as PtAIL1 and PtRR13 from Populus trichocarpa, and PeSCR from Populus euphratica (Ramírez-Carvajal et al. 2009 , Rigal et al. 2012 , Xuan et al. 2014 . However, the molecular mechanism is not yet well understood. In our previous study, 18 WOX genes were identified in Populus tomentosa ). There are two copies of WOX5 (PtoWOX5a and PtoWOX5b) in poplar, while no member was closely related to Arabidopsis WOX7 . Xu et al. (2015) overexpressed two P. euphratica WOX11/12 members (PeWOX11a and PeWOX11b) in poplar and found that the ARs number and induced ectopic roots in the aerial parts were significant increased. However, the functional characterization of WOX5 genes involved in poplar AR regeneration are still unclear.
In this study, the expression pattern of PtoWOX5a was analyzed across tissues and during AR regeneration. The abnormal QC cells in atwox5 mutants could be complemented by PtoWOX5a. Moreover, PtoWOX5a overexpression in transgenic poplar lines affected the morphology of ARs and lateral roots (LRs), and led to abnormal leaves. The expression patterns of CYCD genes in PtoWOX5a-overexpressing poplars and the PtoWOX5a co-expression network indicate the genes related to cell division and root development were affected by PtoWOX5a. Taken together, our results indicate that PtoWOX5a is involved in adventitious rooting in poplar.
Materials and methods

Plant materials and growth conditions
The hybrid poplar (Populus alba × P. glandulosa) clone 84 K was grown at 23-25°C under a 16 h/8 h light/dark cycle. The Arabidopsis wox5 mutant (SALK_038,262) was obtained from the European Arabidopsis Stock Centre (NASC). After surface sterilization, Arabidopsis seeds were incubated at 4°C for 3 days, then grown at 20-22°C under a 16 h/8 h light/dark cycle in 1/2 Murashige and Skoog (MS) medium with 1.0% agar or soil.
Domains, conserved motifs and phylogenetic sequence analysis
The WOX5 amino acid sequences were obtained from Phytozome (http://www.phytozome.net). The multiple sequence alignment of WOX5 was generated using DNAMAN 7.0 (Lynnon Corporation, Quebec, Canada). The GenBank accession numbers of the WOX5 sequences from different species are AHL29315.1 (P. tomentosa WOX5a), AHL29316.1 (P. tomentosa WOX5b), Potri.008G065400 (P. trichocarpa WOX5a) and Potri.010G192100 (P. trichocarpa WOX5b). The unrooted tree was generated using the neighborjoining method with MEGA 5.1 software (Tamura et al. 2011) .
RNA isolation and qRT-PCR
RNA isolation, qRT-PCR and primer design were performed according to . PtoACTIN or AtACTIN were used as reference genes to normalize the expression levels of genes in qRT-PCR in poplar or Arabidopsis, respectively. All the experiments were carried out at least three times. The primers used in this study are listed in Table S1 available as Supplementary Data at Tree Physiology Online.
Plasmid construction and transformation
The full-length coding sequence and the promoter of PtoWOX5a were amplified and cloned into pDONR222.1 for sequencing. The correct coding sequence was sub-cloned into pMDC32, represented as p35S::PtoWOX5a for overexpression in poplar; the correct promoter sequence was sub-cloned into pMDC164, represented as pPtoWOX5a::GUS for further GUS stain in poplar. The constructions then transformed into Agrobacterium GV3101 by electroporation.
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Agrobacterium carrying pPtoWOX5a::GUS or p35S::PtoWOX5a were used for poplar transformation according to . After screened on selection medium containing 3 mg l −1 hygromycin, more than 30 independent transgenic poplar lines were obtained and identified though qRT-PCR. For reverse mutation in the Arabidopsis atwox5 mutant, the p35S::PtoWOX5a vector was introduced into atwox5 using the floral dip method (Clough and Bent 1998) . After screened on medium containing 25 mg l −1 hygromycin, more than 30 independent transgenic lines were obtained and at least 20 lines showed similar phenotypes. Two independent transgenic poplar lines (#5 and #14) and Arabidopsis lines (#10 and #12) with high PtoWOX5a abundance were used for further study.
Histochemical staining, microscopy analysis and morphological observation GUS staining was performed according to . After all the samples were fixed in 90% cold acetone for 15 min, the samples were washed three times with cold GUS reaction buffer (50 mM sodium phosphate pH 7.0, 0.1% (v/v) Triton X-100, 2 mM potassium ferrocyanide, 2 mM potassium ferricyanide and 10 mM EDTA). The samples were then immersed in GUS staining buffer (GUS reaction buffer with 20% methanol and 1 mM X-Gluc), vacuum infiltrated, and incubated 10-12 h in the dark at 37°C. Finally, the stained samples were bleached with 70% ethanol for imaging. For starch staining of Arabidopsis roots, 7-day-old seedlings were incubated in Lugol's solution (5 g I 2 and 10 g KI in 100 ml H 2 O) for 30 s and were mounted in chloral hydrate. Different interference contrast images were captured using a Zeiss Axio Imager A1 microscope (Carl Zeiss, Jena, Germany). The poplar roots were imaged using a Leica M205 FA (Leica Microsystems, Wetzlar, Germany). The leaf area, length and width were measured with a leaf area meter Li-3000C (LI-COR Biosciences, Lincoln, NE, USA).
For poplar root longitudinal section, fine roots from control and PtoWOX5a overexpression lines were collected and fixed at 4°C in FAA (40% formaldehyde, glacial acetic acid, ethanol, water in the proportions 10:5:50:35 by volume) for 24 h. Samples were then sequentially dehydrated in a graded series of ethanol (60 min each at 75%, 80%, 90%, 95% (v/v) and five times in absolute ethanol). After samples were embedded in Spurr's resin (Spi-Chem, West Chester, PA, USA), samples were sectioned into 3 mm-thick sections on Leica EM UC7 (Leica Microsystems) and then stained with toluidine blue O (TBO). Finally, sections were observed using a Leica M205 FA (Leica Microsystems).
Co-expression network construction
The gene co-expression relationships in Populus were downloaded from Phytozome (https://phytozome.jgi.doe.gov/pz/ portal.html#), and the genes with Pearson correlation coefficients >0.85 were used to construct the co-expression network of PtWOX5a. The network image was created using Cytoscape (Smoot et al. 2011) .
Results
Phylogenetic analysis and amino acid sequence comparison
In our previous study, two P. tomentosa WOX genes (PtoWOX5a and PtoWOX5b) were identified as the orthologs of Arabidopsis WOX5 . Both PtoWOX5a and PtoWOX5b contain a helix-loop-helix-turn domain (homeodomain), a conserved WUS-box domain (TLxLFP) located downstream of the homeodomain and an EAR-like domain (LxLxL) in the C-terminal end (see Figure S1a available as Supplementary Data at Tree Physiology Online). PtoWOX5a and PtoWOX5b shared 87.29% amino acid sequence identity, and 22 residues differ over the entire sequence; these two proteins shared 34-96% identity with WOX5 sequences from different species (see Table S2 available as Supplementary Data at Tree Physiology Online). The phylogenetic relationships between PtoWOX5 s and AtWOXs were analyzed using the neighbor-joining method, which revealed that PtoWOX5 s belonged to the WUS/modern clade (see Figure S1b available as Supplementary Data at Tree Physiology Online).
Expression patterns of PtoWOX5 in root development
The expression levels of PtoWOX5 genes across various tissues were analyzed using quantitative real-time PCR (qRT-PCR). PtoWOX5b was expressed uniformly in different tissues, but PtoWOX5a was highly expressed in root ( Figure 1a ). These results suggested that PtoWOX5a might play a predominant role in root development. Therefore, PtoWOX5a was selected for further study. RNA from four regions of the root (0-0.5 cm (R1), 0.5-1 cm (R2), 1-3 cm (R3) and 3-5 cm (R4) from the root tip) and three regions of leaf (petiole, mesophyll and leaf vein) were used to analyze the PtoWOX5a expression in detail. The results showed that the PtoWOX5a transcripts accumulated substantially in the root tip (R1) (Figure 1b ) and leaf vein ( Figure 1c) .
To confirm the expression patterns of PtoWOX5a, we cloned its promoter region (3005 bp upstream of the translation start site) and constructed the GUS reporter vector pPtoWOX5a::GUS for poplar transformation. The GUS staining showed a weak signal in whole seedling level (see Figure S2a available as Supplementary Data at Tree Physiology Online), but GUS staining could be clearly detected in the root tip ( Figure 2 ) and leaf vein (see Figure S2b and c available as Supplementary Data at Tree Physiology Online), which was consistent with the qRT-PCR result ( Figure 1 ). We then further investigated the dynamic expression pattern of PtoWOX5a during AR regeneration. No GUS staining was detected in the induction stage (Figure 2a) , but in the callus formation stage (Figure 2b ). In the AR emergence stage, the GUS staining was still in the AR tip (ART) (Figure 2c ). In the elongation stage, the GUS staining was observed in the ART (Figure 2d ), whereas the signal was not detected in other parts of the root, except for a weak signal in the LR tip (LRT) (Figure 2e-h) . During LR development, the GUS staining could not be detected in the LR formation stage (Figure 2i ), but was later detected during the LR elongation stage (Figure 2j-l) .
PtoWOX5a can complement the phenotype of Arabidopsis wox5 mutant
In Arabidopsis, loss of function of AtWOX5 leads to abnormal QC shape (Sarkar et al. 2007 ). To determine whether PtoWOX5a has a conserved function with AtWOX5, the full-length coding sequence of PtoWOX5a driven by the 35 S promoter (p35S:: PtoWOX5a) was transformed into the Arabidopsis homozygous knockout mutant atwox5 (SALK_038,262) (Figure 3a) . The complementary transgenic lines (#10 and #12) with high PtoWOX5a abundance were chosen for further study (Figure 3b ). The 7-dayold seedlings of wild type (WT), atwox5, #10 and #12 were stained with Lugol's solution to identify starch granules. The abnormal QC cell shape in the atwox5 mutant (Figure 3d ) was recovered by complementary expression of PtoWOX5a (Figure 3e and f). These results showed that PtoWOX5a could substitute for AtWOX5 to rescue the abnormal QC cells in the atwox5 mutant. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Overexpression of PtoWOX5a increases AR number but decreases AR length
To further investigate the function of PtoWOX5a in the regulation of root development, PtoWOX5a was overexpressed in 84 K poplar (Figure 4a ). Two independent transgenic lines (#5 and #14) with high PtoWOX5a abundance were chosen for the functional study (Figure 4b) . The number and length of ARs of 3-week-old seedlings were compared between the transgenic and control (Ctrl) plants. The number of ARs increased to nearly eight in transgenic seedlings, whereas there were only three to four ARs in Ctrl plants (Figure 4c-e) . In addition, the length of ARs in transgenic seedlings was shortened to~2 cm, which was only one-quarter to one-third of that of Ctrl plants (Figure 4f ). The similar phenotype was also observed in 3-month-old seedlings (Figure 4g) .
Upon further examination, enlarged and swollen ARTs (Figure 5a and b) as well as LRTs (Figure 5c ) were observed in transgenic seedlings, whereas ARTs and LRTs of Ctrl plants were sharp and small (Figure 5b and c) . Moreover, the shape of the root tip structures, including root cap, epidermis, cortex, endodermis, pericycle, and stele, were affected in the two overexpression lines (#5 and In (e) and (f) ** indicate significant differences using the Student's paired t-test (P ≤ 0.01). Scale bar: 1 cm. #14) (Figure 5d ). The LR emerged in the zone that was near the stem and relatively far away from the ART in Ctrl seedlings, but the distribution of LRs was disordered and emerged near the ART in seedlings that overexpressed PtoWOX5a (Figure 5b ).
In addition, overexpression of PtoWOX5a in transgenic plants led to deformed leaves. The leaves were malformed and twisted (see Figure S3a -c available as Supplementary Data at Tree Physiology Online). The leaves with an intermediate phenotype had leaf margins curled to the inside, and the leaves with a strong phenotype were cylindrical (see Figure S3a -c available as Supplementary Data at Tree Physiology Online). The leaf number, width, length and area were reduced in the transgenic lines compared with Ctrl plants (see Figure S3d -g available as Supplementary Data at Tree Physiology Online).
PtoWOX5a affects the expression of CYCD genes WOX5 can repress genes related to cell division and differentiation, such as CYCD, to regulate root development (Forzani et al. 2014 , Pi et al. 2015 . To test whether CYCD genes are also regulated by PtoWOX5a in poplar, we analyzed the expression of CYCDs in ART of poplar overexpressing PtoWOX5a. Based on the Populus genome, 22 PtCYCD genes were identified. In the phylogenetic tree, there were five members in the CYCD1 subgroup, six members in the CYCD3 subgroup and five members in the CYCD6 subgroup (see Figure S4 available as Supplementary Data at Tree Physiology Online). In plants overexpressing PtoWOX5a, the expression of one CYCD1 (PtCYCD1;4), two CYCD3 (PtCYCD3;5 and PtCYCD3;6) and two CYCD6 (PtCYCD6;2 and PtCYCD6;4) genes were repressed; these genes are homologs of AtCYCD1;1, AtCYCD3;3 and AtCYCD6;1, respectively ( Figure 6 ). Furthermore, some CYCD genes were upregulated, such as PtCYCD1;1, PtCYCD1;2, PtCYCD3;3 and PtCYCD7;1 (Figure 6 ). These results indicated that PtoWOX5a might play roles in poplar root development through regulation of the CYCDs expression.
Co-expression network of PtWOX5a in poplar
To reveal the potential mechanism of PtoWOX5a, we constructed a co-expression network of PtWOX5a. As shown in Figure 7 , a total of 264 genes were identified in the co-expression network. Notably, 56 genes (21.2%) in the co-expression network have been shown to be related to root development (Table 1) . For instance, WOX11 is involved in the first step of the cell fate transition during root organogenesis, MYB36 promotes differentiation of the endodermis during root development, RGF and PLT2 regulate root meristem growth, NAC070 regulates root cap maturation, PIP2;4 is involved in root early phosphate deficiency signaling and FH8 is involved in the initiation and tip growth of root hairs. In addition, a class of ROOT HAIR SPECIFIC (RHS) genes including one RHS12, one RHS13, three RHS14 and two RHS18 genes were co-expressed with PtWOX5a. Members of the large gene family, DOMAIN OF UNKNOWN FUNCTION (DUF), are known to be involved in plant development. Eight DUF241, two DUF247, one DFU679, one DUF761 and one DUF1068 genes were coexpressed with PtWOX5a. In addition, some genes involved in auxin (PIN5 and MKK7) and cytokinin (CKX3) hormone signaling pathways were also co-expressed with PtoWOX5a ( Figure 7 and Table 1 ).
To validate the network, the expression patterns of the 56 genes related to root development in the PtWOX5a coexpression network were compared in ARTs between 2-weekold PtoWOX5a-overexpressing plants and Ctrl plants. Among the 56 genes, the expression levels of 52 were unambiguously detected; 20 genes were upregulated and 32 genes were downregulated (Figure 8) . Of the upregulated genes, 11 were upregulated by >2-fold in PtoWOX5a-overexpressing plants, such as MYB36 (2.5-to 3-fold), WOX11 (16-to 19-fold) and Tree Physiology Online at http://www.treephys.oxfordjournals.org PIN5 (8-to 9-fold) (Figure 8) . Of the downregulated genes, 22 were downregulated by >2-fold (value <0.5), such as eight members of DUF241 (0.05-0.35), RHS12 (0.2-0.3) and RHS13 (0.2-0.3) (Figure 8 ). To test whether other WOX members were also affected by PtoWOX5a, we then analyzed the expression of other WOXs in the transgenic lines. Interestingly, no other members except WOX11 were dramatically upregulated by PtoWOX5a, including its paralogous WOX12 (see Figure S5 available as Supplementary Data at Tree Physiology Online). These data suggest that PtoWOX5a cooperates with a series of functional genes to regulate poplar root development.
Discussion
During the evolution of Populus, at least two whole-genome duplication events occurred, which increased the copy number of some genes (Tuskan et al. 2006 ). In our previous study, PtoWOX5a and PtoWOX5b were identified as orthologs of AtWOX5. They have the conserved structure and belong to the WUS/modern clade (see Figure S1 available as Supplementary Data at Tree Physiology Online). However, their expression patterns have diverged. PtoWOX5a exhibited greater transcript accumulation and a more specific expression pattern in root in comparison with PtoWOX5b (Figure 1) , and only PtoWOX5a is highly expressed during AR regeneration ). AtWOX5 and its homologs in rice and maize have been identified, and all of them are specifically expressed in the QC cells of RAM (Kamiya et al. 2003 , Nardmann et al. 2007 , which is consistent with the expression patterns of PtoWOX5a in root (Figures 1 and 2 ). PtoWOX5a was highly expressed in the callus formation stage (Figure 2) , which is also the active stage for meristems, whereas GUS staining was not detected in the early stage of LR formation. In Arabidopsis, WOX7 is primarily involved in the first stage of LR development (Kong et al. 2016) . Temporal expression patterns and the functions of AtWOX5 and AtWOX7 indicate that AtWOX5, rather than AtWOX7, regulates LR development after initiation of the LR (Kong et al. 2016) . However, no definite WOX7 homolog was identified in Populus . Thus, this raises the issue of whether other members in the PtoWOXs family play similar roles with WOX7 in poplar LR initiation, and what roles of the WOXs (PtoWOX5 and PtoWOX11/12) are mainly or specifically expressed in root .
In many other species, WOX5 has been reported to be involved in root development. For instance, the rice overexpressing OsWOX5 exhibited malformed roots (Kamiya et al. 2003) . In legumes, WOX5 is involved in nodule meristem development, though overexpression of WOX5 does not lead to change in nodule number or root length (Osipova et al. 2011) . In Arabidopsis, WOX5 driven by a dexamethasone-inducible promoter caused gravitropic growth disorder and differentiation in columella after induction with dexamethasone (Sarkar et al. 2007 ). In our study, the regeneration of AR was enhanced, while the AR elongation was inhibited and the AR morphology was changed in PtoWOX5a-overexpressing poplars (Figures 4 and 5 ). All these reports indicate that WOX5 plays a role in root development, and our results specifically indicate PtoWOX5a involved in AR development in poplar.
The role of WOX members in leaf development has been reported in previous studies. STENOFOLIA (STF) in Medicago trucatula, LAM1 in Nicotiana sylvestris, and AtWOX1 are functional orthologs (Tadege et al. 2011) . The WUS clade genes (WUS, WOX1-WOX7) in Arabidopsis can recover the narrow leaf in lam1 mutants when expressed using the STF promoter (Lin et al. 2013) . Overexpression of MtSTF also led to the upward curling of leaves through overproduction of auxin and cytokinin (Tadege et al. 2011) . Overexpression of OsWOX5 also induces abnormal leaf development (Kamiya et al. 2003) . Similar to these phenotypes, we found that the leaf shape was significantly affected by overexpression of PtoWOX5a in poplar. Moreover, the expression levels of genes involved in auxin (PIN5 and MKK7) and cytokinin (CKX3) hormone signal pathways were affected in PtoWOX5a-overexpressing plants ( Figure 8 and Table 1 ). In addition, the similar leaf phenotypes were also observed in poplar that overexpressed other WUS clade genes (PtoWOX1a, PtoWOX4a and PtoWUSa) (data not shown). These imply that the conserved domains and structures in the WUS clade members may confer consistent leaf phenotypes following overexpression.
The repressed expressions of PtCYCD3;5, PtCYCD3;6 and PtCYCD1;4 suggest that PtoWOX5a and AtWOX5 have common roles in regulation cell division and cell differentiation. However, the expression levels of PtCYCD2;1 and PtCYCD2;2 were downregulated in plants expressing PtoWOX5a. It has been reported that overexpression of AtCYCD2;1 produces a deeper root system (Talengera et al. 2012 ), whereas we found that the AR length was shortened in plants overexpressing PtoWOX5a. This may be because WOX5 represses the expression of CYCD2 to regulate the root length, but the relationship between PtoWOX5a and CYCD2 need to be further investigated. Interestingly, the expression of CYCD6 subgroup members was also affected by PtoWOX5a. In Arabidopsis, AtWOX7 regulates LR development through direct regulation of AtCYCD6;1 (Kong et al. 2016 ). As mentioned above, no definite PtoWOX member was identified as the ortholog of AtWOX7. The altered expression of CYCD6 in PtoWOX5a-overexpressing poplar implies other members in the PtoWOX family might play similar roles with AtWOX7 in LR development.
To explore the molecular mechanism of PtoWOX5a in poplar AR development, a co-expression network of PtWOX5a was constructed ( Figure 7 and Table 1 ). Consistent with the role of PtoWOX5a as a transcriptional repressor, most of genes in the network were repressed in PtoWOX5a-overexpressing lines.
DUF241 has been reported to be specifically expressed in LR cap cells and to play a role in post-embryonic primary root formation (Wendrich et al. 2015) . Eight members of DUF241 were repressed to less than 40% of the Ctrl. NAC070b, involved in root cap maturation, was also inhibited by PtoWOX5a in root tips. This implies that the poplar ART development might be controlled by PtoWOX5a through repressing DUF241 and/or NAC070b. The master regulators controlling meristem initiation . Co-expression network for PtWOX5a. Among the 264 genes co-expressed with PtWOX5a, 56 (green nodes) have potential roles in root development based on previous studies. The red node is PtWOX5a, green nodes are genes related to root development and gray nodes are other coexpressed genes. The functional descriptions of these root development-related genes are listed in Table 1 . Potri.002G012200 AT2G17080 DUF241 was expressed in lateral root cap cells specifically Wendrich et al. (2015) Potri.004G182700 AT2G17080 Potri.005G103700 AT4G35690 Potri.009G142400 AT2G17080 Potri.009G142600 AT2G17080 Potri.009G142700 AT2G17080 Potri.T150100 AT2G17080 Potri.T179200 AT2G17080 DUF247
Potri.012G035000 AT3G60470 DUF247 involved in growth and defense response Kondou et al. (2013) Potri.012G035100 AT3G60470 DUF679
Potri.019G086900 AT4G18425 DUF679 membrane protein 1 is a key player of tonoplast and endoplasmic reticulum-breakdown during leaf senescence and programmed cell death and stem cell niche position, PLT2a and PLT2b, were upregulated in ARTs of PtoWOX5a-overexpressing poplar (Figure 8 ), which is consistent with the highly elevated PLT expression detected in the dexamethasone-induced expression of WOX5 in Arabidopsis (Ding and Friml 2010) . However as a transcriptional repressor (Lin et al. 2013 ), PtoWOX5a might be involved in RAM maintenance through direct repression and/or indirect activation of key regulatory genes. Both WOX11/12 and WOX5/7 play key roles during de novo root organogenesis (Liu et al. 2014, Hu and . In Arabidopsis, the expression of WOX5/7 is activated by WOX11/12, and then replaces WOX11/ 12 to participate in the later stage of root organogenesis (Hu and Xu 2016) . In poplar, overexpression of PeWOX11a/b and PtoWOX11/12 promotes AR organogenesis and increases the number of ARs on cuttings , which resembles the phenotypes caused by PtoWOX5a overexpression in our study. In our data, not only the co-expression network of PtWOX5a including WOX11 but also the relative expression of WOX11 was significantly upregulated (~16-19 fold) in PtoWOX5a overexpression lines. This indicates both PtoWOX5a and WOX11 are involved in the AR development and their regulatory mechanism (or relationship) in poplar might be more complex. MYB36 controls lateral root primordia through regulation of genes required for the Casparian strip. In both myb36 mutant and MYB36-overexpressing lines, lateral root primordia are flat (Liberman et al. 2015 , Fernández-Marcos et al. 2017 . In PtoWOX5a-overexpressing lines, the expression of MYB36 was upregulated more than twofold, which may cause a flat lateral root primordia and lead to abnormal LRs ( Figure 5 ). Therefore, genes related to root development in the network might cooperate with PtoWOX5a in AR and LR organogenesis and development. Taken together, PtoWOX5a is involved in poplar AR development, and this involvement might be cooperated with other factors. Further studies on the target genes and the co-expressed genes of PtoWOX5a and the relationship between PtoWOX5a and other PtoWOXs during AR regeneration will provide insight into the exact function of PtoWOX5a in woody plants. 
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